Atrial fibrillation (AF) increases the risk and severity of thromboembolic stroke. Generally, antithrombotic agents increase the hemorrhagic risk of thromboembolic stroke. However, significant reductions in thromboembolism and intracerebral hemorrhage have been shown with the antithrombin dabigatran compared with warfarin. As thrombin has been implicated in microvessel injury during cerebral ischemia, we hypothesized that dabigatran decreases the risk of intracerebral hemorrhage by direct inhibition of the thrombin-mediated increase in cerebral endothelial cell permeability. Primary murine brain endothelial cells (mBECs) were exposed to murine thrombin before measuring permeability to 4-kDa fluorescein isothiocyanate-dextran. Thrombin increased mBEC permeability in a concentration-dependent manner, without significant endothelial cell death. Pretreatment of mBECs with dabigatran completely abrogated the effect of thrombin on permeability. Neither the expressions of the endothelial cell β1integrins nor the tight junction protein claudin-5 were affected by thrombin exposure. Oxygen-glucose deprivation (OGD) also increased permeability; this effect was abrogated by treatment with dabigatran, as was the additive effect of thrombin and OGD on permeability. Taken together, these results indicate that dabigatran could contribute to a lower risk of intracerebral hemorrhage during embolism-associated ischemia from AF by protection of the microvessel permeability barrier from local thrombin challenge.
INTRODUCTION
Nonvalvular atrial fibrillation (AF) increases the risk and severity of thromboembolic stroke. Prevention of thrombus formation with warfarin, whereas decreasing ischemic stroke risk, is associated with increased hemorrhagic risk. The RE-LY (randomized evaluation of long-term anticoagulant therapy) trial, comparing warfarin with the direct thrombin inhibitor dabigatran, showed that dabigatran was not inferior to warfarin in efficacy (reduction of thromboembolic events), and that for prophylaxis of nonvalvular AF, there was a significant reduction in the incidence of intracerebral hemorrhage with dabigatran compared with warfarin. 1, 2 Although it has been suggested that the observed hemorrhagic risk reduction with dabigatran is the consequence of a higher hemorrhagic risk of warfarin, which targets multiple coagulation factors, 3 this does not explain the confinement of the risk reduction to the cerebral vasculature. This could be explained by a difference in microvascular hemostatic responses in the central nervous system (CNS) under conditions of focal ischemia. Rosenberg and Aird 4 proposed that hemostatic responses in the CNS are unique among vascular beds; 5 although the contributions that microvessel beds make to regulating hemostasis in the human CNS are not completely understood, 6, 7 particularly in the setting of focal ischemia. 8, 9 The unique structure of cerebral microvessels is related to their functions in regulating both vascular permeability and hemostasis within the CNS. First, brain capillaries consist of a non-fenestrated endothelium, basal lamina matrix, and surrounding astrocyte endfeet attached to the basal lamina. This intact endothelium-matrixastrocyte assembly constitutes the 'blood-brain' permeability barrier. 10 The integrity of the permeability barrier depends on the interendothelial tight junctions (TJs), interactions between endothelial cells and astrocytes, and adhesion of endothelial cells and astrocytes to the basal lamina matrix. 10, 11 Second, the cerebral hemispheres contain significant quantities of tissue factor (TF), the major initiator of extrinsic coagulation, which is broadly distributed in the gray matter and surrounds noncapillary microvessels. 12 del Zoppo et al 12 showed that quantities of TF in the resting cerebral gray matter of the non-human primate are in significant excess of that found in the white matter. The presence of TF has been associated with astrocytes, based on TF transcripts in the glia limitans. 13 It is unknown whether TF has a role in brain functions other than hemostasis. However, the recently discovered ability of thrombin to modulate synaptic plasticity suggests that this may be the case. 14 Third, CNS microvessels are functionally and structurally connected to the neurons, they serve as parts of the 'neurovascular unit,' through which neurons can control microvessel diameter and regional flow with signals via intervening astrocytes. 15 Thrombin can be acutely generated in the cerebral microvessel wall during focal ischemia as indicated by fibrin deposition within the plasma column and vessel wall (see Figure 5 in del Zoppo et al 16 ). Thrombin has pleiotropic effects including the cleavage of fibrinogen, activation of factors V, VIII, XI, and XIII, the activation of resting platelets, the activation of protein C (in the presence of thrombomodulin), modulation of endogenous fibrinolysis, and activation of inflammation. In addition to its role in the coagulation cascade, thrombin can induce vascular permeability. 17 Further, thrombin has been implicated as a mediator of bloodbrain barrier permeability in a number of different model systems. [18] [19] [20] [21] α-Thrombin has been shown to degrade laminin, fibronectin, and collagens. 22, 23 After the onset of focal cerebral ischemia, rapid alterations in brain microvessels occur, including decreased matrix adhesion receptor expression and matrix proteins, and increased permeability. 24, 25 The interaction of endothelial cell β1-integrins with the extracellular matrix (ECM) stabilizes expression of the TJ protein claudin-5 and maintains permeability barrier integrity, such that direct interference with this interaction is sufficient to increase permeability. 11 Focal ischemia is associated with acute loss of β1integrins from brain microvessels. 26 However, a causal relationship between the loss of matrix adhesion receptors in focal ischemia and increased microvessel permeability has not been established.
As thrombin has been implicated in vascular injury during ischemia, 16 we hypothesized that dabigatran could decrease the risk of intracerebral hemorrhage by direct inhibition of thrombininduced permeability in part via the protection of β1-integrin. This study focuses on the role of the endothelial component of brain microvessels in the effects of thrombin and dabigatran on the permeability barrier under the conditions of normoxia and experimental ischemia, as from an embolic insult.
MATERIALS AND METHODS

Institutional Approvals
All animal protocols were approved by the Institutional Animal Care and Use Committee of the University of Washington and conform to the standards set by the National Institutes of Health.
Reagents
Purified murine α-thrombin was obtained from Hematologic Technologies (Essex Junction, VT, USA). Murine α-thrombin was produced by the methods of Lundblad et al 27 with the modifications described by Nesheim. 28 Dabigatran was a gift from Boehringer-Ingelheim GmbH (Ingelheim am Rhein, Germany). Mouse anti-claudin-5 was obtained from Invitrogen (Camarillo, CA, USA), and fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse secondary antibody was obtained from Vector Laboratories (Burlingame, CA, USA). A phycoerythrin-conjugated antibody against β1integrin (clone HM β1) was obtained from BioLegend (San Diego, CA, USA). All other agents were obtained from Sigma (St Louis, MO, USA), unless otherwise noted. bEnd.3 cells (Mus musculus) were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) as ATCC CRL-2299, and were used for condition setting where appropriate.
Brain Endothelial Cell and Astrocyte Cultures
Primary brain microvessel endothelial cells (mBECs) were obtained from 2to 3-month-old male C57 BL/6 mice (Jackson Laboratories, Sacramento, CA, USA) and prepared as described previously. 11 Brains were removed, cleaned of meninges and external blood vessels, finely minced, and dissociated in a solution containing 20 U/mL papain and 250 U/mL DNase I type IV in MEM-HEPES (minimum essential medium-4-2-hydroxyethyl-1piperazineethanesulfonic acid) for 1 hour. The dissociated brain tissue was triturated, added to a 15 mL tube containing 22% bovine serum albumin (final concentration) and centrifuged at 1000 g for 20 minutes. The isolated cells were then washed and resuspended in endothelial cell growth media consisting of Hams F12, supplemented with 10% fetal bovine serum, heparin, ascorbic acid, L-glutamine, and endothelial cell growth supplement. The mBECs in endothelial cell growth media were then added to collagen I-coated six-well plates, and incubated at 37°C under 5% CO 2 .
Endothelial cell growth media were changed the next day and the cultures were treated with puromycin (3 μg/mL) for a total of 3 days. The endothelial cell growth culture media were then replaced every 3 days thereafter. Murine brain endothelial cell were seeded onto the top surface of collagen IV-coated 24-well inserts (Greiner bio-one, Kremsmünster, Austria), without or with astrocytes seeded on the bottom surface, on day 9 or 10, and maintained for at least 48 hours before dabigatran/thrombin exposure, and/or oxygen-glucose deprivation (OGD), and permeability experiments. Alternatively, cells were seeded onto collagen IV-coated 6well inserts for flow cytometry experiments, or onto collagen IV-coated 24well plates for cell viability assays.
bEnd.3 cells (an immortalized murine endothelial cell line) were cultured as per the manufacturer's protocols in T75 flasks with Dulbecco's modified Eagle's medium (DMEM) supplemented with fetal calf serum, glutamine, and antibiotics before passage to inserts as described above.
Astrocytes were cultured from the brains of neonatal (1 to 2 days old) mouse pups (Charles River, Raleigh, NC, USA) using established techniques. 29 Briefly, cerebral hemispheres were dissected from the brainstem and cerebellum, meninges, and choroid plexuses removed, and the remaining tissue minced and digested in media containing papain and DNAse. Cells were pelleted, resuspended in growth media (DMEM supplemented with fetal bovine serum, glutamine, and antibiotics) and grown to confluence in poly-D-lysine-coated flasks. Microglial cells and oligodendrocytes were removed by shaking before passage. Astrocytes typically reached confluence in 9 to 12 days, and were used in P1 only. For coculture with endothelial cells, astrocytes were passaged to the bottom surface of collagen IV-coated 24-well inserts.
Flow Cytometry
Murine brain endothelial cells were mechanically removed from the inserts, washed, blocked in 5% normal goat serum/phosphate-buffered saline, and incubated with phycoerythrin-conjugated anti-β1-integrin antibody for 1 hour on ice. Cells were permeabilized and incubated with mouse anticlaudin-5 monoclonal antibody followed by FITC-conjugated anti-mouse IgG, and then washed and suspended in 2% formaldehyde for flow cytometry analysis, as described previously. 11 The fluorescence intensity of the labeled cells was analyzed with a Becton-Dickinson FACScan (BD Biosciences), with 8,000 to 10,000 events recorded for each condition, in triplicate.
Cell Viability Assay
Cells were washed with phosphate-buffered saline, incubated with propidium iodide (PI, 33 μg/ml) for 5 minutes, and washed again before fixing with 2% paraformaldehyde. Propidium iodide-positive cells were counted on a fluorescent microscope with a x10 objective. Results are reported as the percentage of positive cells within a 0.371 mm 2 grid at x200.
Permeability Measurements
The permeability of monolayers and cocultures were measured as described previously. 11 Cells were washed with phosphate-buffered saline and placed in serum-free, phenol red-free DMEM. Fluorescein isothiocyanate-dextrans (4-, 40-, or 150-kDa sizes) were added to the upper chamber (1 mg/ml, final concentration) and 50 μL samples were collected from the lower chamber at 0, 5, 10, 20, 40, and 60 minutes. The volume of each sample removed was replaced with fresh media at each time point. A 50 μl aliquot from the upper chamber was collected at the end of the experiment. Fluorescence intensity was measured (excitation 485 nm, emission 510 nm) on a fluorescent plate reader, with standard curves for FITC-dextran run in parallel. The apparent permeability coefficient (P app , cm/s) of each well was calculated by:
where dM/dt is the cumulative amount of FITC-dextran in the lower chamber per unit time (mmol/s) corrected for dilution because of sampling, A is the surface area of the insert membrane (0.33 cm 2 ), and C is the measured concentration (mmol/mL) in the upper chamber.
Oxygen-Glucose Deprivation
Oxygen-glucose deprivation was performed under conditions previously set in our laboratory. [29] [30] [31] Serum-containing media were removed from the cell cultures by washing two times with phosphate-buffered saline before adding serum-free high-glucose medium (4.5 g/L, DMEM containing 4 mmol/L L-glutamine, penicillin, and streptomycin, supplemented with N1 medium) for normoxic controls, or low-glucose medium (1 g/L, supplemented DMEM) for OGD. Cultures containing low-glucose medium were placed in a hypoxia chamber flushed with 95% N 2 and 5% CO 2 for 1 hour, 
Statistical Analysis
All data are presented as mean ± s.d. with the numbers of replicates as indicated. Individual sample allocations were known by the principal author only. Normality of data sets was tested by the D'Agostino and Pearson's test. Means were compared by one-way analysis of variance (ANOVA), and significance set at Po0.05. All analyses were carried out using GraphPad Prism v. 5.04 (La Jolla, San Diego, CA, USA).
RESULTS
Thrombin Increases Murine Brain Endothelial Cell Permeability Without Endothelial Cell Toxicity
Preliminary experiments to define the conditions for the studies with mBECs were performed with bEnd.3 cells exposed to media without or with murine α-thrombin (10 U/mL) for 1 hour. Permeability was then tested with 4-, 40-, 70-, or 150-kDa FITC-dextrans. Thrombin significantly increased the permeability of bEnd.3 cell monolayers to 4-kDa FITC-dextran only (data not shown; see Supplementary Figure 1 ).
Primary mBECs were then exposed to thrombin (0 to 10 U/ml) in serum-free media for 1 hour before measurement of permeability. Thrombin had a concentration-dependent effect on mBEC permeability to 4-kDa FITC-dextran ( Figure 1A) , as reported previously. 21 However, thrombin concentrations up to 20 U/mL did not cause a significant increase in PI uptake ( Figure 1A) , indicating that the permeability changes observed were not because of cell death. Baseline transendothelial electrical resistance measurements were made in a subset of endothelial cell monolayers and reflected those reported previously. 11 Dabigatran Is Not Toxic to Murine Brain Endothelial Cell and Does Not Affect Permeability at Therapeutic Concentrations Murine brain endothelial cells were exposed to dabigatran (0 to 1 μmol/L) in serum-free media for 24 hours before the measurement of permeability to 4-kDa FITC-dextran. Dabigatran alone did not affect permeability, and did not cause a significant change in Figure 1 . Acute exposure to thrombin increases brain endothelial cell (mBEC) permeability without cell toxicity. Primary mBEC grown to confluence were exposed to thrombin (A) for 1 hour or dabigatran (B) for 24 hours in serum-free media before incubation with propidium iodide (PI) or measurement of permeability to 4-kDa fluorescein isothiocyanate (FITC)-dextran. (A) Thrombin had a concentration-dependent effect on permeability (closed squares, left panel). Acute exposure to thrombin had no effect on brain endothelial cell viability (closed squares, right panel). TX-100 = cells exposed to the permeabilizing agent Triton X-100 (positive control). (B) Dabigatran did not significantly increase permeability to 4-kDa FITC-dextran (closed circles, left panel). Dabigatran had no effect on cell viability (closed circles, right panel). Cell viability data shown are averages from four fields, 30 to 55 cells per field counted. Permeability data are pooled from two (A) and three (B) independent experiments; n = 3 per condition per experiment for a total of n = 6 or 9 inserts per condition, respectively. All data are presented at mean ± s.d. Significance was determined by one-way analysis of variance (ANOVA) with a Bonferroni multiple comparison test. *Po 0.05 and **Po 0.01 versus vehicle controls.
PI uptake up to 10 μmol/L ( Figure 1B) , a concentration~20 times higher than the plasma concentration of dabigatran typically achieved in patients. 32 Thrombin Does Not Affect Endothelial Expression of β1-Integrin or Claudin-5 Exposure of mBEC to α-thrombin (1 or 10 U/mL) for 1 hour had no effect on the mean fluorescence intensity of cells labeled for β1integrin and claudin-5 (Figures 2A and 2B ) nor on the distribution of cells expressing each antigen ( Figure 2C and Supplementary  Figure 2 ). No effect on the morphology of the endothelial cells was observed under any condition.
Dabigatran Blocks the Effects of Thrombin and Oxygen-Glucose Deprivation on Murine Brain Endothelial Cell Permeability
Preincubation of mBEC with dabigatran (500 nmol/L) for 24 hours before thrombin (10 U/mL, 1 hour) exposure completely blocked the effect of thrombin on mBEC permeability in both mBEC monolayers ( Figure 3A ) and in mBEC cocultured with astrocytes ( Figure 3B ). Furthermore, the addition of 500 nmol/L dabigatran to the media of cells exposed to OGD attenuated the effect of OGD on mBEC permeability (Figure 4) .
Dabigatran Attenuates the Effect of Thrombin on Permeability in the Setting of Oxygen-Glucose Deprivation Murine brain endothelial cell cocultured with astrocytes were exposed to OGD for 18 hours, followed by thrombin (10 U/mL, 1 hour) to model the generation and extravasation of thrombin after an ischemic event in vivo. Dabigatran attenuated the additive effect that α-thrombin produced with OGD on permeability of the endothelial cell-astrocyte complex when the complex was preincubated with dabigatran ( Figure 5 ).
DISCUSSION
Focal cerebral ischemia induces fibrin formation within microvessels in the territory-at-risk (ischemic regions) and is accompanied by increased vascular permeability that causes edema formation and hemorrhage. 8, 16 Hemorrhagic transformation in the CNS is a common accompaniment of ischemic strokes, being part of the natural history, and anticoagulation is associated with an increased risk and severity of cerebral hemorrhage. 33 In a highquality non-human primate model of middle cerebral artery occlusion, we have shown that fibrin-containing occlusions obstruct the microvasculature, and that fibrin deposits in the microvessel wall and the perivascular space occur acutely, within 60 to 120 minutes of ischemia onset. 8 This shows the acute local generation of thrombin at the abluminal interface or within the perivascular space of microvessels within the ischemic territory. Furthermore, thrombin has been implicated in barrier damage after experimental ischemia in the rodent.
In this study, we show that α-thrombin increases the permeability of primary mBEC, alone or in coculture with astrocytes, to 4-kDa FITC-dextran and that the direct thrombin inhibitor dabigatran at a clinically relevant concentration completely reverses the increased permeability (Figure 3 ). Previous studies investigating Figure 2 . Acute thrombin has no effect on murine brain endothelial cell (mBEC) expression of claudin-5 or β1-integrin. Primary mouse brain endothelial cells were exposed to thrombin (0 to 10 U/mL) for 1 hour before labeling for claudin-5 and β1-integrin and analysis by flow the effect of thrombin on the blood-brain permeability barrier have shown altered barrier function in other in vitro model systems, including immortalized mBEC (bEnd.3), 21 immortalized human BEC (hCMEC/D3), 20 and (unpurified) rat primary BEC, 19 as well as after intracerebral injection of thrombin into rat brain. 18 To our knowledge, this is the first report of thrombin-induced barrier permeability in primary mBEC (both alone and in coculture with primary astrocytes), as well as the first such study to use purified α-thrombin in a species-consistent system. The α-thrombin used here was derived by methods originally used for the purification and characterization of human α-thrombin. 34 The combination of primary cells with species-matched thrombin minimizes the possibility that any observations made can be attributed to alteration of brain endothelial cell genotype or physiology with multiple passages, innate inflammatory responses of the cells, contaminants, or species differences between the reagent and the target cells. Furthermore, blockade of the α-thrombin-mediated changes in the permeability barrier was generated by the clinically relevant specific inhibitor dabigatran.
The mechanism by which thrombin leads to increased endothelial cell permeability is not yet known. Thrombin can exert effects on brain endothelial cells via its interaction with the protease-activated receptors (PAR)-1 and -3, 35 and Src kinase signaling has been directly linked to thrombin-induced damage to the permeability barrier in vivo. 18 Investigations of thrombininduced brain tissue damage have implicated the involvement of multiple signaling pathways. 36 Furthermore, thrombin is associated with the induction of an 'inflammatory phenotype' in brain endothelial cells. 20 Finally, the effects of thrombin on astrocytes 37 together with the role of astrocytes in microvessel barrier integrity 38, 39 suggest that in vivo thrombin may exert its effects on the permeability barrier in part through astrocytes. Here, coculture with astrocytes increased the permeability barrier features of the endothelium as described previously. 39 Dabigatran also reversed the increased permeability caused by acute exposure to α-thrombin in the presence of astrocytes ( Figure 3B ).
Another potential mechanism lies in the serine protease activity of thrombin. There is sparse information concerning the impact of thrombin on ECM proteins. 22, 23, 40, 41 Among its cell-activating properties, thrombin has been shown to stimulate collagen IV synthesis from mesangial cells in culture, and to stimulate the polarized secretion of ECM components. 40, 41 Liotta et al 22 have shown that α-thrombin selectively degrades laminin and fibronectin, and has the ability to degrade collagens in a temperaturesensitive manner. 23 We therefore hypothesized that stabilization of TJ protein expression by β 1 -integrin might be impaired after exposure to thrombin, given the putative proteolytic activity of thrombin on the ECM. 22 Although we observed no change in β 1 -integrin or claudin-5 expression using flow cytometry (Figure 2) , nor any alteration of the continuous staining of claudin-5 in brain endothelial cells using immunofluorescence ( Supplementary  Figure 2) , it remains possible that alterations in other TJ proteins are involved. Alternatively, increased permeability to 4-kDa FITCdextrans via a transcellular mechanism cannot be ruled out based on the present data, and recent studies suggest that transcellular mechanisms dominate in increased microvessel permeability early after an ischemic event. 42 In short, dabigatran inhibits the increase in primary cerebral endothelial cell permeability to 4-kDa dextran caused by α-thrombin, but this effect does not appear to involve stabilization of the TJ complex by preservation of β 1 -integrin. Another potential explanation for the observation of increased permeability caused by α-thrombin is suggested by receptor studies. Studies with bEnd.3 cells, as an in vitro model of the permeability barrier, have suggested that thrombin increases permeability to sucrose in a concentration-dependent manner via TRPV channels, which increase intracellular Ca 2+ ([Ca 2+ ] i ). 21 The similar increase in permeability to 4-kDa dextrans indicates that murine α-thrombin initiates increased permeability by increasing [Ca +2 ] i rapidly. Thrombin appears to achieve the increases in [Ca +2 ] i from stores by activation of the G-protein-coupled proteinase-activated receptor-1. 43 The specificity of dabigatran for the serine active site of thrombin, then, indicates that the effects of α-thrombin to increase cerebral endothelial cell permeability require this active site. Additionally, thrombin can elicit disorganization of VE-cadherins and thereby loss of intact interendothelial adherens junctions. 44, 45 In these experiments OGD itself resulted in increased permeability that was partly reversed by dabigatran. Although these experiments were strictly serum free, the possibility that trace amounts of prothrombin and other coagulation factors adherent to the endothelial cell surface could generate thrombin locally cannot be ruled out. Tissue factor can appear on cultured endothelial cells under specific circumstances. 46 However, in bEnd.3 cells, we have observed that fetal bovine serum detectably increases endothelial cell permeability, and that this effect is not inhibited by dabigatran (Y Izawa, unpublished observations). This suggests that thrombin is not present in sufficient amounts in fetal bovine serum to account for the observed change in permeability in response to serum, or that dabigatran interacts differently with bovine thrombin. Alternatively, these observations could reflect the tightening of the barrier in response to serum-free media previously reported, 47 and indicate that factors other than thrombin are involved.
The magnitude of the effect of α-thrombin on permeability exceeds that of OGD in this system in all experiments performed. Furthermore, we found that α-thrombin and OGD additively increased endothelial cell permeability, and that dabigatran attenuates this effect to the level of OGD alone. Hence, under conditions of experimental ischemia, where thrombin is generated within the microvasculature, it is expected that the thrombin component of increased cerebral microvessel permeability can be abrogated by the antithrombin dabigatran, or other antithrombins. The action of OGD to modestly increase the P app of the layer is left unexplained at this time. However, the observation has some relevance to the clinical situation, and to other injury settings. Potential players in this reversible OGD-permeability effect include (1) adsorbed thrombin (our first choice, and the simplest to explain), (2) endothelial cell surface receptor(s) (e.g., thrombomodulin), (3) the presence of plasma proteins in caveolae, (4) exposure of TF on the cell surface(s), or (5) cell heterogeneity. There appears no reported relationship between thrombin action and the fate of caveolin, so far. Or rather this remains unexplored. However, the reorganization of the cytoskeleton appears to be mediated by proteinase-activated receptor-1 through rafts, and not caveolae. 48 There is little known about TF expression in in vitro murine endothelial cell culture systems (originally described for human arterial endothelial cells by Drake et al 46 ) with regard to any contribution to OGD-related downstream effects on the permeability of those monolayers. It was noted that TF expression on endothelium in vivo is unusual, and is not seen in human or non-human primate brain microvascular endothelium. 12, 49, 50 The work of Brown et al 21 suggest that individual cells within an endothelial cell monolayer (in that case bEnd.3 cells) are affected differentially by thrombin, suggesting that heterogeneity of response might also be a feature of OGD insults. 21 Heterogeneity of function by endothelial cells is recognized in other systems, 4 and is certainly likely to operate in the cultures here. The PI studies did not identify cell demise; however, heterogeneity of the αthrombin effects on these primary endothelial cells seems likely.
We also noted that this in vitro setting lacks the contributions of pericytes, plasma constituents, coagulation factor activation, platelets, and leukocytes, which in intact brain are likely to have roles in microvascular permeability barrier function under focal ischemia as we have shown in the non-human primate. In addition, other aspects of hemostasis within the CNS not captured by any experimental work, including ours, are the contributions of plasma, flow dynamics, the vessel wall, the local tissue environment, and a vasculature that communicates with the systemic circulation.
There is no data regarding direct effects of a selective antithrombin on cerebral microvessel endothelial behavior during or after experimental ischemia in vitro. However, a recent report showed no effect of dabigatran, at concentrations used in the studies here, on proteinase-activated receptor-1-mediated proliferation of fibroblasts or expression of smooth muscle α-actin from baseline in the absence of thrombin. 51 Accessory studies confirmed the absence of any effect on fibroblast function of dabigatran alone. Those studies suggest that dabigatran has no direct effect on surface proteinase-activated receptor-1 receptormediated events. Control studies here confirm this impression for endothelium. The observation here (Figure 4) , while intriguing requires a larger effect to be able to dissect by biochemical techniques. Figure 5 . Dabigatran abrogates the effect of thrombin after oxygenglucose deprivation (OGD). Addition of thrombin (10 U/mL, 1 h) to murine brain endothelial cell (mBEC) cocultured with astrocytes immediately after OGD (18 h) augments the effect of OGD on permeability. This additive effect is blocked by dabigatran (500 nmol/L). Data are pooled from three separate experiments (n = 9 in total). **Po0.05 versus normoxia.
In the clinic, increased barrier permeability (as visualized by Gd-DTPA hyperintensities on a contrast-weighted magnetic resonance imaging) is predictive of hemorrhagic transformation in ischemic stroke patients. 25 This suggests that barrier permeability may precede the development of hemorrhage. If so, inhibition of any thrombin-dependent increase in the endothelial cell-related permeability during focal ischemia by dabigatran could contribute to the reduced risk of hemorrhage associated with this agent. It is unclear whether inhibition of other steps in extrinsic coagulation (e.g. factor Xa) might have a similar effect, as compatible studies would require the presence of plasma, which is technically not feasible.
In conclusion, we have shown that dabigatran exerts a protective effect on an in vitro model of blood-brain barrier permeability in the setting of acute thrombin exposure under normoxia and during experimental ischemia (OGD). The protective effect does not appear to involve any alteration in the endothelial cell β1-integrin expression (under normoxia). Thus, the ability to target thrombin with a specific, direct inhibitor may present an opportunity to preserve barrier function in the setting of stroke and decrease the risk of subsequent hemorrhage. This is related to the proteolytic activity of thrombin on endothelial cell permeability barrier fidelity; however, the exact signaling mechanisms involved remain unknown. Other microvessel components (e.g. ECM) that participate in maintaining the permeability barrier in the CNS may have roles in the hemorrhagic risk reduction. Future studies will address these possibilities.
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